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diabetes; thiazolidinedione; kidney; complications; metabolomics; mass spectrometry EARLY CLINICAL DIABETIC NEPHROPATHY (DN) is characterized by progressive increases in albuminuria which are associated with the development of characteristic histopathological features including thickening of the glomerular basement membrane and mesangial expansion due to accumulation of extracellular matrix proteins (25) . One of the areas of general agreement about the pathogenesis of DN is that hyperglycemia and altered hemodynamic properties of diabetic glomeruli lead to multiple changes. These include enhanced expression of the facilitative glucose transporter, GLUT1, leading to enhanced glucose uptake (5, 17) , enhanced expression and activation of PKC isoforms, and activation of transforming growth factor (TGF)-␤, which in turn induce increased synthesis and decreased degradation of extracellular matrix proteins such as fibronectin and collagen IV by mesangial cells in the glomerulus (52) . Other signals including activation of pathways involving ERK, advanced glycation end product receptors, VEGF, and other growth factors (for reviews, see Refs. 4, 14, 18, 54) have been implicated in the mesangial and podocyte responses to diabetes and elevated levels of extracellular glucose. A potential unifying factor in integrating many if not all of these abnormalities is the increase in both cytoplasmic and mitochondrial oxidative stress generated by enhanced glucose metabolic flux and activation of the aforementioned pathways. Multiple studies have now strongly implicated the increased oxidative stress induced by diabetes in the development of diabetic complications, including DN (for a review, see Ref. 49) .
Over the past few years, a number of studies have found that thiazolidinediones (TZDs) have substantial ameliorative effects on DN (for a review, see Ref. 44) and that these effects appear to be due to direct effects on renal glomerular cells. While most of these studies are in patients or models of type 2 diabetes, a number of provocative studies in animal models have indicated that TZDs have similar efficacy in models of type 1 diabetes (11, 14, 34, 55, 56) . While the mechanisms of action of TZDs are manifold and the specific pathways by which TZDs interrupt DN changes have not been elucidated, these agents clearly have effects on many of the pathways identified to play significant roles in the pathogenesis of DN. For example, TZDs have been shown to ameliorate PKC activation (14) , enhanced TGF-␤ signaling (19, 34, 51) , ERK activation (7), oxidative stress (22) , and increased VEGF (36) in both in vitro and in vivo DN models. Which TZD actions are most important for their ameliorative effects in DN is not yet clear.
In the current study, we have tested the effects of the TZD rosiglitazone on a recently described, robust murine model of type 1 DN and have found that it dramatically normalized albuminuria, mesangial expansion, fibronectin expression, and podocyte number after 12 wk of diabetes. Plasma and kidney oxidant marker levels of 13-hydroxyoctadecadienoic acid (HODE) and dityrosine were significantly elevated in the 24-wk diabetic animals despite insulin treatment, and their rise was largely prevented by rosiglitazone. Finally, a survey of urinary metabolites in the mice found that 21 altered metabolites were returned to normal by rosiglitazone treatment, despite little or no effect on systemic metabolic parameters, suggesting that a subset of these metabolites could serve as biomarkers to help identify the most important factors involved in TZD renoprotection.
MATERIALS AND METHODS
Mouse model. Male 10-wk-old DBA/2J mice (Jackson Laboratory, Bar Harbor, ME) were used. Mice were allowed to acclimate to their environment for at least 3 days before injection. Mice were fasted for 4 h and then given intraperitoneal injections of 40 mg/kg streptozotocin (STZ) or the vehicle (control mice) daily for 5 consecutive days as previously reported (3, 48) . Beginning 2 wk after completion of STZ injections, rosiglitazone (3 mg/kg po) was given orally in a very small amount of Nutri-Cal (EVSCO Pharmaceuticals, Buena, NJ) daily to one-half of the STZ and control animals. The remainder were given Nutri-Cal only. For each study, we began with different numbers in each of the four groups (see Table 1 ) because of anticipated losses in the diabetic groups (41) . Animals injected with STZ that did not develop fasting blood glucose Ͼ300 mg/dl (a total of 5 mice) were excluded from the study. In addition, as expected (41), several animals died over the duration of the study, especially in the diabetic groups, and a greater number appeared to have infections. These animals were excluded from further analysis. There was no increased death rate seen with rosiglitazone. Liver transaminases were measured and were not different in mice treated with rosiglitazone and those receiving vehicle alone, diabetic or not (data not shown). Beginning and final numbers in each group are indicated in Table 1 .
In the first study, animals were euthanized 12 wk after completion of STZ injections. In the second study, mice were subcutaneously implanted with pellets impregnated with bovine insulin (LinBit tablets, LinShin Canada, Toronto, Ontario, Canada) at 10, 15, and 20 wk post-STZ to prevent ketosis, protein catabolism, and significant weight loss. The administered dose of insulin was ϳ0.1 U/day (8) . Blood glucose levels were measured from tail-vein blood (Accu-Chek Advantage, Roche Diagnostics, Indianapolis, IN). Values for blood lipids and glycosylated hemoglobin were determined using terminal blood samples by the Michigan Diabetes Research and Training Center Chemistry Laboratory. Blood liver enzyme values were determined by the University of Michigan University for Laboratory Animal Medicine Animal Diagnostic Lab. Urine samples were collected in murine metabolic cages (Hatteras Instruments, Cary, NC) or in plastic spot urine containers. Spot urinary albumin and creatinine levels were collected with the Albuwell M and Companion Creatinine systems (Exocell, Philadelphia, PA) (3).
The procedures used in this study were in accordance with the guidelines of the University of Michigan Committee on the Use and Care of Animals. Veterinary care was provided by the University of Kidney preparation. Under general anesthesia, a blood sample was drawn and then both kidneys were flushed under constant 100-mmHg pressure with PBS containing 50 U/ml sodium heparin through a cannula placed in the abdominal aorta. Once flushed of blood, the left kidney from each mouse was ligated, and the right kidney was perfused with a ferric oxide slurry in PBS via the abdominal aorta. The left kidney was removed, weighed, and fixed overnight in a solution 2% paraformaldehyde in PBS. The right kidney with the iron-containing glomeruli was then isolated with a technique modified from that of Meezan et al. (26) . Isolated glomeruli were lysed and used for immunoblotting. Some kidney cortical regions were dissected before fixation and placed into lysis buffer for immunoblotting or flash frozen for oxidant marker analysis. Sections (3 and 9 m) were cut from the fixed kidneys and used for periodic acid-Schiff (PAS) staining (3 m only) or were used for immunohistochemistry for podocyte counting (3 and 9 m).
Podocyte counting. Methods were performed as previously published (48) following the methods of Sanden et al. (43) . Thin and thick sections were cut from the 2% paraformaldehyde-fixed, paraffinembedded kidney samples. These sections were deparaffinized and rehydrated through ethanols (70, 95, 100%). All sections were incubated in Retrieve One buffer (Signet Laboratories, Dedham, MA) at 90°C for 2 h to enhance antigen retrieval. Using an ABC Staining Kit (Vector Laboratory, Dedham, MA), podocyte nuclei were detected with a rabbit polyclonal anti-WT1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a concentration of 20 g/ml. Images of all glomeruli from both thick (9 m) and thin (3 m) kidney cortical cross sections were collected using the MetaMorph Image System (version 6.1, Molecular Devices, Downingtown, PA) by a blinded observer (J. Saha). Glomerular volume/podocyte (GV/P) was also calculated as previously reported (48) . GV/P is a variable that incorporates the relationship between both podocyte number and glomerular basement membrane surface area, is the reciprocal of podocyte density, and is a useful measure of the degree of podocyte reserve (43) .
Mesangial extracellular matrix determination. For quantification of mesangial extracellular matrix, 3-m sections from paraformaldehyde-fixed, paraffin-embedded kidney slices were stained using PAS reagent. The mesangial area was expressed quantitatively by calculating the percentage of the total glomerular area that was PAS positive. Fifteen glomerular tufts per animal were chosen randomly for analysis. Quantification of glomerular and PAS-positive areas was performed with MetaMorph Imaging Software (version 6.1, Molecular Devices) calibrated for the microscope and a digital camera used to capture the images.
Immunoblotting. Glomerular or cortical samples were sonicated and/or mechanically disrupted in lysis buffer [0.1% SDS, 150 mM NaCl, 1% Triton X-100, 1 mM Na 3VO4, 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride, and complete protease inhibitor cocktail (Roche Applied Science) in 10 mM Tris ⅐ HCl, pH 7.4] and used for SDS-PAGE as previously reported (47) . Lysates were run on 7.5 or 10% SDS-PAGE and immunoblotted with antibodies for fibronectin and ␤-tubulin (mab1926 and 05-661, respectively, Millipore, Temecula, CA), GLUT1 (a gift from Dr. Carter-Su, Univ. of Michigan), and nephrin or Neph1 (12) (gifts from Dr. L. Holzman, Univ. of Michigan). Blots were exposed to film after incubation in Roche LumiLight Western Blotting Substrate. All exposures were within the linear range of the film and normalized to ␤-tubulin content whenever feasible.
HODE and dityrosine levels. Kidneys were harvested immediately, and the kidney cortex was quickly dissected. To prevent ex vivo oxidation, cortex and plasma samples were submerged in ice-cold antioxidant buffer A [100 M diethylene tetramino pentaacetic acid (DTPA; metal chelator), 50 M butylated hydroxyl toluene (BHT; lipid soluble antioxidant), 1% (vol/vol) ethanol,10 mM 3-amino-1,2,4-triazole (peroxidase inhibitor), 50 mM sodium phosphate buffer, pH 7.4], rapidly frozen by immersion in liquid nitrogen, and stored at Ϫ80°C until analysis. Before acid hydrolysis, kidney cortex samples were homogenized at 4°C in buffer A, frozen, and then thawed. Protein was precipitated from kidney cortex homogenates or plasma with ice-cold trichloroacetic acid (10% vol/vol), collected by centrifugation, washed with 10% trichloroacetic acid, and delipidated twice with water/methanol/water-washed diethyl ether (1:3:7 vol/vol).
Lipid extracts were saved for HODE analysis. HODEs were quantified by reverse-phase C 18 HPLC analysis of triphenylphosphinereduced lipid extracts after base hydrolysis, as described previously (39) . Briefly, analyses for HODE were performed on a Jasco HPLC system equipped with a reverse-phase column (Ultrasphere; 250 ϫ 4.6 mm, particle size 5 m, Beckman). Oxidized lipids were detected by monitoring absorbance at 234 nm. Authentic 13-HODE was prepared from linoleic acid with soybean lipoxygenase (6, 46) and reduced with triphenylphosphine before analysis. The identity of the compound was confirmed by identical retention time (6.1 min) with authentic 13-HODE. Quantitation was performed by comparison with standard curves generated using authentic 13-HODE (6, 46) . The protein content of tissue pellets was determined by a modified Lowry protein assay using bovine serum albumin as a standard, and the HODEs were normalized to protein content (24) .
Protein pellets were hydrolyzed in 4 N methane sulfonic acid at 110°C for 24 h under argon, and amino acids were isolated from the acid hydrolysate using a solid-phase C 18 column (Supelclean SPE, Supelco, Bellefonte, PA) as described previously (38) . Isolated amino acids were derivatized with dabsyl chloride as described previously (23) . Analysis of the dabsylated derivatives of tyrosine and o,oЈ-dityrosine were performed by reverse-phase HPLC (Jasco HPLC Column, Beckman ODS Ultrasphere C18 column, 250 ϫ 4.6 mm; particle size 5 m) as described previously (23) . The identity of the compounds was confirmed by identical retention time with authentic o,oЈ-dityrosine and tyrosine (12.5 and 16.8 min, respectively) by monitoring absorbance at 460 nm. Quantitation was performed by comparison with standard curves generated using authentic o,oЈ-dityrosine and tyrosine.
Urine metabolite screening. The urine samples were stored at Ϫ80°C with 1 mM NaN3 before analysis. An Agilent Technologies (New Castle, DE) 6410 Triple Quadrapole mass spectrometer (MS) system, equipped with an Agilent 1200 series HPLC system and an electrospray (ESI) source, was used to determine the concentration of creatinine in the urine samples. Positive LC/ESI/tandem MS (MS 2 ) was performed using the following parameters: spray voltage 4,000 V, drying gas flow 11 l/min, drying gas temperature 325°C, and nebulizer pressure 40 psi. Flow injection analysis (FIA) was used to optimize the fragmentor voltage and collision energy. An MS 2 scan was performed to optimize the fragmentor voltage. The product ion scans were used to optimize collision energy in the FIA and injection on the column. The urine samples were injected on a Phenomenex LUNA hydrophilic interaction chromatography (HILIC) column (3 m, 2.1 ϫ 150 mm) using premixed H2O/acetonitrile (15/85) in 20 mM ammonium acetate, pH ϭ 6.8, with an isocratic gradient. To determine the level of creatinine, a known amount of ]creatinine, respectively. The creatinine concentration in the urine sample was determined by comparing the peak areas for authentic and [ 2 H3]creatinine for the above transitions. To allow for normalization of the data, each urine sample was diluted to have an identical creatinine concentration (500 fmol/l). Five microliters of the diluted urine samples were then subjected to reverse-phase HPLC on an Agilent 1200 series HPLC system using an Agilent Zobax SB-Aq 1.8-m, 2.1 ϫ 100-mm column. The HPLC conditions are as follows: flow rate: 0.4 l/min; solvent A: 0.2% acetic acid in water; solvent B: 0.2% acetic acid in methanol; and gradient: solvent B 2-98% over 16 min. The samples were then analyzed by ESI in both positive-and negative-ion modes using an Agilent 6410 Time of Flight (TOF) MS. Mass spectral data were acquired with an acquisition rate of 1.35 spectra/s, averaging 10,000 transients. The source parameters were adjusted as follows: drying gas temperature 250°C, drying gas flow rate 12 l/min, nebulizer pressure 45 psi, and fragmentor voltage 150 V. Differential expression analysis by positive-and negative-ion mode ESI of urine demonstrated unique signatures specific for each group. 2D visualization tools in the MassHunter Profiler differential analysis software (Agilent Technologies, Santa Clara, CA) enabled the features to be rapidly sorted into multiple categories. Only metabolites that were present in at least five of seven samples were considered for analysis. Automated data-analysis algorithms have recently been used for the data mining of electrospray liquid chromatography/mass spectrometry (LC/MS) data (50) . Herein, the Agilent Molecular Feature Extractor algorithm was utilized to identify discrete molecular entities defined by the combination of retention time (in seconds), mass (m/z to 4 decimal places), and peak intensity. Mouse urine samples were extracted using a signal-to-noise threshold of two, and the resulting molecular feature list was sorted by peak areas. Each molecular feature was a discrete molecular entity defined by a combination of retention time, mass, and response in an LC/MS analysis. Groups were then compared using the MassHunter program to generate lists of chemically qualified molecular features: persistent chemical background was removed by subtracting solventgenerated features; coeluting interferences were resolved; isotopic cluster was recognized and grouped; charge-state assignments and molecular adducts were recognized; and 2D data were visualized. The common metabolites found in urine samples were searched in an exact mass database of Ͼ14,000 metabolites using the MassHunter METLIN Metabolite Database software (http://metlin.scripps.edu) and the 2,180 endogenous human metabolites in the Metabolome tool box (53) (http://hmdb.ca/index.html). The endogenous metabolites with mass error of Ͻ200 ppm were chosen as potential identifications.
Cultured mesangial cell reactive oxygen species detection. The rat mesangial cell line (MC LacZ) was cultured as previously reported (16, 17) Real-time quantitative PCR. RNA was isolated from cultured rat mesangial cells. Total RNA (1 g) was reversed transcribed by Superscript. Real-time PCR was performed with TGF-␤ primers (TaqMan Gene Expression Assay, catalog no. Rn00572010, Applied Biosystems, Foster City, CA) on a TaqMan ABI 7900 Sequence Detection System (Applied Biosystems) and normalized to 18S rRNA.
Data analysis. Data are presented as means Ϯ SE. For metabolite analysis, the MassHunter Profiler software and Genespring MS statistical analysis software packages (Agilent Technologies) were used to compare LC/MS data between groups. When two groups were compared, a Student's t-test was used. For multiple comparisons, a one-way ANOVA followed by Tukey-Kramer post hoc analysis was performed. P values Յ0.05 were considered statistically significant. For metabolite analysis, the MassHunter Profiler software (Agilent Technologies) was used to compare LC/MS data between groups.
RESULTS
DBA/2J mice became rapidly and consistently diabetic after STZ treatment. In the 12-wk study, administration of rosiglitazone from 2-12 wk after completion of STZ injections had no effect on body weight, kidney weight, fasting blood sugar, or glycosylated hemoglobin in either the control or diabetic groups (Table 1 ). In the 24-wk study, in which animals received low-dose insulin, administration of rosiglitazone from 2 to 24 wk resulted in a modest reduction in fasting blood sugar by the end of the study but had no statistically significant effect on glycosylated hemoglobin levels or on other baseline characteristics ( Table 1 ). The relative lowering of blood glucose in the 24-wk study corresponded to a gradual worsening of the general health of the mice, which did not occur until the final 4 wk of life. Liver enzymes (ALT and AST) were monitored. These enzymes levels were somewhat higher in diabetic animals, but rosiglitazone had no effect on these levels in either control or diabetic animals (not shown).
In the 12-wk study, diabetic DBA/2J mice developed profound albuminuria, which was ϳ14-fold greater than in control mice (Fig. 1) . Rosiglitazone treatment reduced albuminuria almost fivefold in the diabetic animals, but had no effect on albuminuria in the control animals ( Fig. 1) . In the 24-wk study, insulin treatment prevented much of the albuminuria seen in the 12-wk study as albuminuria in the diabetic mice after 12 wk of diabetes was only about one-eighth the levels in the 12-wk mice who received no insulin (data not shown). This reduction in albuminuria was maintained at 24 wk (Fig. 1) . Despite this insulin protection, rosiglitazone further reduced albuminuria virtually back to control levels (Fig. 1) . Similarly, rosiglitazone reduced the expansion in mesangial matrix seen in both 12-and 24-wk diabetic mice ( Fig. 2A) . Quantified as the mesangial index (percent PAS-positive material in the mesangial tuft), 12 wk of untreated diabetes induced a 54% increase in the mesangial matrix that was limited to only a 17% increase by rosiglitazone (Fig. 2B) . In the 24-wk group, the mesangial index was increased by 80.2% in the diabetic animals; this increase was completely prevented in the rosiglitazone-treated diabetic mice (Fig. 2B) . Podocyte number was decreased in the 12-and 24-wk diabetic animals (Fig. 3A) . This reduction in podocyte number was largely prevented by rosiglitazone (Fig.  3A) . GV/P, a measure of the amount of glomerular volume "covered" by each podocyte, and the reciprocal of podocyte density (43) , was increased about twofold in diabetic animals in both 12-and 24-wk studies. This increase was largely prevented by rosiglitazone (Fig. 3B) .
Immunoblots of glomerular samples from 12-wk diabetic animals showed a significant increase in fibronectin accumulation, which was reduced by rosiglitazone (Fig. 4A) . Interestingly, glomerular levels of the glucose transporter GLUT1 were not elevated in the diabetic mice (12 wk) and were unchanged by rosiglitazone in this model (Fig. 4B) . Similarly, surprisingly, at 24 wk glomerular nephrin levels went up with DN in this model and appeared to increase even more with rosiglitazone treatment (Fig. 4C) . Neph1 showed a similar pattern at 12 wk (Fig. 4D ), but the differences were not significant.
Oxidative stress is a major mechanism of hyperglycemiainduced DN in humans, particularly through the oxidation of proteins and lipids. To determine whether elevated oxidative stress correlated with DN and functional measures of kidney damage in this diabetic model, we quantified levels of proteinbound o,oЈ-dityrosine and HODE, highly sensitive markers of protein oxidation and lipid peroxidation, respectively (39) , in plasma and renal cortex from five animals in each group. Dityrosine levels were significantly increased in the plasma of diabetic animals (Fig. 5) . This effect was markedly reduced by treatment with rosiglitazone. Plasma HODE levels were also significantly increased by diabetes and appeared to be attenuated by rosiglitazone treatment, but this latter effect did not reach statistical significance. A similar pattern was noted in the renal cortex of diabetic animals in which dityrosine and HODE levels were significantly increased, and the dityrosine increases were markedly attenuated by rosiglitazone. Rosiglitazone treatment did not affect dityrosine or HODE levels in plasma or renal cortex of nondiabetic DBA/2J mice.
To determine whether the urinary metabolite profile was altered in diabetes and whether rosiglitazone therapy reversed these alterations, we analyzed the urine by using HPLC/ESI/TOF. Urine samples were diluted and normalized to creatinine content so that the final concentration was 500 fmol/l. Profiling of mouse urine with ESI-positive/ negative modes demonstrated unique signatures specific for each group. A total of 1,988 molecular features were identified in all the samples. Of these, 1,023 features were present in all diabetic and/or diabeticϩrosiglitazone samples, and 668 features were present in all control and/or controlϩrosiglitazone samples. A total of 56 features showed up-or downregulation by Ͼ2-fold in either ESIpositive or -negative modes in diabetic animals. Levels of 35 features (Fig. 6 ) in ESI-positive mode and 26 features in negative mode (not shown) were altered in the urine of diabetic mice, and 5 features were present in both modes. Of these, 21 features (12 features in ESI-positive mode and 10 features in ESI-negative mode with 1 shared feature) were returned to normal by rosiglitazone therapy.
To obtain preliminary identification of the molecular features, we utilized publicly available exact mass databases including METLIN Metabolite Database (http://metlin.scripps.edu/) and the endogenous metabolites in the Metabolome tool box (53) (http://hmdb.ca/index.html). These results are summarized in Table 2 . Of the 56 molecular features, 32 were identified with a mass error of Ͻ 200 ppm. Of these, we were able to identify nine compounds that returned back to baseline with rosiglitazone therapy, raising the possibility that they could be potential biomarkers for resolution of the DN phenotype.
Finally, in cultured glomerular mesangial cells exposed to high (20 mM) glucose, rosiglitazone (10 g/ml) prevented the dramatic increase in DCFDA fluorescence caused by incubation in high glucose, consistent with the antioxidant effects of rosiglitazone (Fig. 7A) . Similarly, TGF-␤ mRNA levels were enhanced in the cultured cells by high glucose, and this increase was prevented by rosiglitazone (Fig. 7B) . 
DISCUSSION
The pathogenesis of DN is complex and involves alterations in multiple signaling pathways in several cell types in the kidney. Moreover, the pathological features of DN are equally complex and include, at a minimum, glomerular mesangial matrix and basement membrane expansion, leading to glomerulosclerosis, podocyte damage and loss, arteriolar hyalinosis, and ultimately tubulointerstitial fibrosis (3) . Clinical features of the disease include a gradual increase in albuminuria and a progressive decline in glomerular filtration rate. While no rodent models recapitulate all these features (3), the streptozotocin DBA/2J mouse is an excellent model of early type 1 DN with many features that better mimic the disease in humans than most conventional mouse or rat models (13, 41) . We therefore investigated this robust murine model to determine the impact of the TZD rosiglitazone on features of DN. We Fig. 5 . Effect of rosiglitazone treatment on protein oxidation and lipid peroxidation in plasma and renal cortex. Protein-bound dityrosine, a highly sensitive and specific marker for protein oxidation and hydroxyoctadecadienoic acid (HODE), a marker for lipid peroxidation, were measured at the end of the 24-wk study. Values are means Ϯ SE; n ϭ 5 for all groups. P Ͻ 0.05: *vs. controls; †vs. rosiglitazone-treated controls; ‡vs. diabetics. Urinary metabolites which showed a Ͼtwofold change in positive or negative ESI mode from animals with diabetic nephropathy compared with control animals (Ͻ200 ppm mass error) are listed in order of ascending observed mass. Identification is based on METLIN and Human Metabolome Database search results. *Molecular features returning to normal after rosiglitazone treatment (in bold font).
found that rosiglitazone treatment beginning 2 wk after initiation of diabetes prevented or markedly attenuated virtually all of the features of early DN, regardless of whether the mice received insulin, and did so independently of effects on glycemic control in this type 1 diabetes model.
A number of studies in animal models of type 1 and type 2 DN (reviewed in Ref. 44 ) and in type 2 diabetic humans (2, 28, 30, 40, 44) have shown that TZDs can prevent or retard DN via mechanisms that appear to be in part independent of their effects on glycemic control or blood pressure. It appears that multiple mechanisms of action are involved in kidney protection by TZDs in diabetes. For example, TZDs have been found to reduce levels of oxidative stress (22, 35) , TGF-␤ (35), endothelin-1 (29, 42, 45) , PAI-1 (20, 21, 31) , and advanced glycation end products (34) . They also appear to reduce inflammation in tubulointerstitial and glomerular compartments (1).
Our study has extended and clarified some of the protective effects of TZDs in the evolution of DN. We have found that rosiglitazone prevents podocyte loss, a critical early feature of DN that predicts progression in humans (37) , and have found that it has similar protective effects in both the presence and absence of insulin in a robust animal model of type 1 diabetes. While previous reports have suggested podocyte protection with TZDs in type 2 models of DN (22) and in humans with type 2 diabetes (28), this is the first report, to our knowledge, to show such protection in type 1 diabetes, indicating that these protective effects are independent of insulin-induced glucose metabolism, and the first to show preservation of glomerular podocytes by TZDs.
Although other reports have suggested a link between TZD protection against DN and reduction of oxidative stress in type 2 diabetic models (22, 35) , in this report we demonstrate that rosiglitazone reverses several markers of oxidant injury that have been found to be critical in diabetic humans with vascular disease (39) and does so in a type 1 diabetic model already receiving insulin. Specifically, we detected substantial increases in both protein-bound dityrosine and HODE, highly sensitive markers of protein oxidation and lipid peroxidation, respectively (39) , in plasma and renal cortex from diabetic DBA/2J mice, and that rosiglitazone treatment very effectively reduced dityrosine levels in both plasma and the kidney, indicating very efficient inhibition of protein oxidation in the diabetic kidney by TZDs.
Metabolite profiling by ESI/TOF is a powerful technique for identifying novel candidate metabolites (50) that may be signatures of diabetic kidney disease. We matched 32 of the 56 potential mass features that are altered in diabetic state compared with control animals, utilizing exact mass measurements from the METLIN and the Human Metabolome databases (Table 2) . Some molecular features have multiple isomers as potential matches. Further studies are required to confirm the identity of these compounds, utilizing authentic standards and tandem MS/MS analysis. Many of the identified metabolites in diabetic urine are consistent with perturbed metabolism and include amino acid metabolites (valine, taurine, glycine metabolites, hippurate); reactive carbonyls (malonate, methylglyoxal, glyoxylic acid); lipids (lysophosphatidic acid, dehydrocarnitine); products of redox regulation (malondialdehyde, dehydroascorbate, aconitate); products of intermediary metabolism (biotin, n-formyl methionine, thiamine monophosphate); and nucleotides (deoxyionisine monophosphate).
Interestingly, 21 urinary metabolites altered in the setting of DN were returned to normal by rosiglitazone. Of these 21 metabolites, we were able to match 13 molecular features to the databases. Ubiquinone (m/z 250.12), a key redox active metabolite, exhibited such a change. It is found in the membranes of endoplasmic reticulum, peroxisomes, lysosomes, vesicles, and the inner membrane of the mitochondria, where it plays an important role in the electron transport chain and mitochondrial biogenesis. Levels of indoxyl sulfate (m/z 213.01) also returned back to baseline following rosiglitazone therapy. This compound is a metabolite of tryptophan metabolism. Indoxyl sulfate has been postulated to be a circulating uremic toxin in hemodialysis patients (32) and has been described to stimulate glomerular sclerosis and interstitial fibrosis in experimental models of kidney disease (27, 33) . In plasma, indoxyl sulfate is a protein-bound solute that can induce endothelial dysfunction by inhibiting endothelial proliferation and migration and induce oxidative stress in vitro (10) . These metabolites are thus excellent candidates for markers of pathways that play a critical role for the development of DN and for those responsible for the protective effects of TZDs.
GLUT1, the important glucose transporter whose increased expression has been implicated in the pathogenesis of DN (5, 15) , and nephrin, the critical component of the podocyte slit diaphragm and glomerular filtration barrier that has often been reported to decline with progressive DN (9) , and Neph1 were not changed in the expected directions in the diabetic DBA/2J mice, questioning the role of increased GLUT1 expression and decreased nephrin expression in the pathogenesis of DN at least in this model of relatively early DN. Moreover, rosiglitazone prevented DN without affecting the expression of GLUT1 or Neph1 and further increased nephrin expression. Since we have demonstrated novel effects of rosiglitazone on urinary metabolites in DN, these protective effects were similarly independent of effects on glomerular expression of these three proteins. While these findings by themselves do not undermine the importance of GLUT1 and nephrin in the development and progression of DN, they do show that increased GLUT1 and decreased nephrin expression are not required for development of significant early DN.
Given the pleiotropic nature of TZDs, it will be difficult to elucidate the most critical mechanisms responsible for their protective effects. Precise elucidation of the 56 metabolite features altered in DN in our model, especially those 21 that are returned to normal levels by TZDs, should allow us to identify candidate pathways that are critical for the evolution of nephropathy and the protective effect of TZDs. After validation in humans, some of these features may ultimately serve as biomarkers of DN and response to therapy. Studies that address these issues could reveal new pathways of injury that may be efficiently prevented or treated by TZDs, or by more specific and potent analogs that remain to be developed.
